We report on the electric field dependent carrier dynamics and optical absorption in nonpolar a-plane GaN-based quantum heterostructures grown on r-plane sapphire, which are surprisingly observed to be opposite to those polar ones of the same materials system and similar structure grown on c-plane. Confirmed by their time-resolved photoluminescence measurements and numerical analyses, we show that carrier lifetimes increase with increasing external electric field in nonpolar InGaN/GaN heterostructure epitaxy, whereas exactly the opposite occurs for the polar epitaxy. Moreover, we observe blue-shifting absorption spectra with increasing external electric field as a result of reversed quantum confined Stark effect in these polar structures, while we observe red-shifting absorption spectra with increasing external electric field because of standard quantum confined Stark effect in the nonpolar structures. We explain these opposite behaviors of external electric field dependence with the changing overlap of electron and hole wavefunctions in the context of Fermi"s golden rule. 
Introduction
Since the first demonstration of blue light emitting diodes (LEDs) [1] and blue laser diodes (LDs) [2] in the mid-"90s, GaN based optoelectronic devices have found important industrial applications in lighting [3] and display [4] technologies. Also, since then, GaN systems have offered other promising applications [5] [6] [7] . In order to further expand their use on a wider scale, the material quality and efficiency of these devices need to be delivered at reduced costs. But, unlike GaAs and InP based systems, it is expensive and challenging to obtain a large enough native substrate to grow these III-N structures with low threading dislocation density. Presently, the most common substrate used for the growth of GaN and related alloys is sapphire, thanks to its lower mismatch of structural parameters, including lattice constant and thermal expansion coefficient, compared to other types of substrates. Specifically, the lattice mismatch of c-plane sapphire substrate is sufficiently low with respect to c-plane GaN epitaxy, which makes its epitaxial growth feasible, despite being a non-native substrate. However, such III-N quantum heterostructure epitaxy (e.g., quantum wells/barriers) exhibits high polarization-induced electrostatic fields, due to the discontinuity of their net polarization fields (i.e., the vector sum of their spontaneous and piezoelectric components) when grown in the so-called "polar" direction on c-plane. In such polar heterostructures, the polarizationinduced electric field inside the well region pulls the bound electron and hole in opposite directions. This reduces their wavefunction overlap and in turn reduces their oscillator strength and thus their radiative recombination rate [8] . This makes the polar III-Nitrides less favorable for light generation in device applications including light emitting diodes and laser diodes. Therefore, it is highly desired to obtain GaN epitaxy on other planes of its unit cell, where there is no polarization discontinuity in quantum well structures. This is, however, technically challenging.
Such polarization-free (nonpolar) planes are m-and a-planes of the GaN"s wurtzite crystal [9] . To date, many techniques have previously been proposed for obtaining high-quality nonpolar GaN crystals [10] . Also, LEDs [11] and LDs [12] have been demonstrated using these techniques. Very few of these prior works involved a feasible and efficient process, though. In a very recent work, Hwang et al. [13] made it possible to grow a-plane GaN on rplane sapphire by reducing defect densities and demonstrated working light emitting diodes incorporating these nonpolar InGaN/GaN quantum structures, using metal-organic chemical vapor deposition (MOCVD) technique while avoiding the need for growing on a very thick (>10 μm) GaN template.
In the past, several physically important phenomena were investigated in polar and nonpolar epitaxial materials, e.g., through time resolved photoluminescence [14] , cathodoluminescence [15] and differential transmission and reflection measurements [16] . Especially related with our current investigation, electric field dependent optical absorption [5] and time and spectrum-resolved photoluminescence [17] [18] [19] studies were performed in polar structures by our group and others. However, these analyses, which are fundamentally important for the understanding of operation and performance of various devices, have not been studied in such nonpolar GaN-based quantum heterostructures. Also, a comparative study on their characteristics between nonpolar and polar InGaN/GaN quantum heterostructure epitaxy has not been reported till date.
In our previous study, we investigated carrier lifetimes in polar InGaN/GaN quantum structures under different levels of external electric field [17] . The carrier lifetimes were then shown to decrease strongly with increasing reverse bias in these polar structures [17] , also consistent with two other previous studies [18, 19] . There are at least two reasons behind this observation: One of them is that the reverse bias generates electric field in the opposite direction to polarization-induced field inside the well layer, given that the growth technique is MOCVD and the device architecture is p-i-n, with p-side on the top. This increasing reverse bias directly shortens radiative component of the carrier lifetime through the increased squared-overlap-integral of electron and hole wavefunctions by Fermi"s golden rule. The other reason is the dissociation of excitons through carrier drift, leading to shortened nonradiative component of the carrier lifetime. In an earlier study, we also showed that absorption spectra shift with increasing external electric field in such polar InGaN/GaN quantum heterostructures and demonstrated reversed quantum confined Stark effect [5] . The physical explanation for this phenomenon is that the energy difference between the electron and hole ground states at which the vertical transition takes place increases with the external electric field that is in the opposite direction to the built-in polarization-induced electrostatic fields inside the well layers. An in-house developed quantum mechanics modeling tool based on transfer matrix method was further used for the physical understanding and simulation of these findings.
In this paper, different than prior works of our group and others, we present a study on the field dependent carrier dynamics and optical absorption characteristics of InGaN/GaN quantum heterostructures in nonpolar crystal orientation on a-plane to compare against those in polar orientation on c-plane. In both cases, the quantum structures are housed in the intrinsic region of a p-i-n diode, with the p-region on the top. Using these comparative sets of nonpolar vs. polar quantum heterostructures, we observe surprisingly a completely opposite behavior in the external electric field dependence of their carrier lifetimes and optical absorptions in their respective reverse and forward biases in both time-resolved photoluminescence (TRPL) and steady-state photocurrent measurements and numerical analyses. Our results for the polar, c-plane grown devices are in agreement with the previously reported results, in which decreased carrier lifetime [17] [18] [19] and blue-shifting absorption edge [5] were observed with increasing reverse bias voltages.
Growth and fabrication
The quantum heterostructures studied in this work were epitaxially grown on r-plane and cplane sapphire substrates, both using MOCVD as described elsewhere previously (e.g., see [13] and [14] , respectively). They were incorporated in a p-i-n diode architecture, and their ntype layer was on the bottom while their p-type layer was on the top. These epi-structures included (i) two 7 nm thick In 0.20 Ga 0.80 N quantum wells separated by a 12 nm GaN barrier in the nonpolar case and (ii) five 2.5 nm thick In 0.18 Ga 0.82 N quantum wells separated by 7.5 nm GaN barriers in the polar case. Although these multi-quantum well structures are slightly different, they are essentially the same type of uncoupled quantum structures, with their peak photoluminescence emission wavelengths close to each other, both exhibiting strong emission around λ~500 nm. Moreover, for both structures, the electron concentrations throughout the active (multiple quantum well) region were approximately 4x10 17 cm 3 . Subsequent to their epitaxial growth, the devices were fabricated in a clean room environment using the same standard lithography, reactive ion etching and metal evaporation/sputtering steps. The devices were then diced and wire-bonded to metal can packages for compact and reproducible device characterization.
Materials and device characterization
The photoluminescence (PL) spectra of our quantum structure samples were measured using a He-Cd laser to pump at an excitation wavelength of 325 nm and a spectrometer to collect the emission signal. From these PL spectra, using Gaussian fitting procedure, (i) a peak emission wavelength at 514 nm with a full width at half maximum (FWHM) of 43.1 nm for the nonpolar heterostructure on a-plane and (ii) a peak wavelength of 491 nm with a FWHM of 37.5 nm for the polar heterostructure on c-plane were obtained. Their measured photoluminescence spectra are shown in Fig. 1 . It is clear that for both epi-structures, the presented photoluminescence originates from the quantum well structures. Moreover, both exhibit electroluminescence when their devices are forward-biased as given in Fig. 2 . 
Electric field dependence of carrier lifetimes
The carrier lifetimes (τ) of these quantum structures were measured at room temperature using a commercially available time-resolved photoluminescence setup (from PicoQuant GmbH) that contains an InGaN/AlGaN based pump diode laser, emitting at 375 nm and operated in pulsed mode. The experimental conditions were kept the same for both devices. Average and peak intensities of laser excitation were kept at low values, at around 3 and 6 W/cm 2 , respectively, to avoid band filling effect and thus evolution of higher energy states. Moreover, at such laser excitation intensity levels, with the given carrier densities in the active region, the effect of Auger recombination on the carrier lifetimes is insignificant [20] . The measurement setup also consists of a monochromator, a photomultiplier tube and controller electronics. We set the pass band center wavelength of the monochromator to 500 nm for both sets of measurements. As depicted with a straight dashed (blue) line in the PL spectra of both epi-structures (Fig. 1) , 500 nm corresponds to a strong emission wavelength.
In Fig. 3 , we present the photoluminescence decay time traces of the polar hetero-epitaxy on c-plane under different levels of external bias. As a general trend, the photoluminescence first starts to decay faster with stronger electric field as the reverse bias is increased, but then the reverse bias voltages greater than 1.00 V show a diminishing effect. Such a photoluminescence decay behavior modified with the external field application is in conformity with the observations in the previous works of our group [14] and Jho et al. [15, 16] (for the reasons discussed in the Introduction part). In forward bias, however, the polar epi-structure"s decay profile slows down as the voltage is increased to 0.25 V, and then the subsequent decay profiles exhibit an inflection point at a time delay of around 50 ns, seen as an increased time constant of the fast component but as a decrease of the overall transient behavior. The increase of fast (nonradiative) component time constant can be explained by the decreased density of the available trap states near the quantum well region, whereas the decrease of the slow (radiative) component time constant, and thus the overall lifetime, can be attributed to the increased density of electrons and holes in the same region through formation of quasi-Fermi levels. For forward and reverse bias voltages of 1.00-2.00 V, we observe no significant change in their decay profiles. Similarly, Fig. 4 shows the photoluminescence decay time traces of nonpolar epitaxy on aplane with respect to different levels of external electric field. For this set of epi-structure, the electric field dependence is observed to be in the opposite way, where the photoluminescence decays become slower as the external electric field is increased in reverse bias. This results from the reduced overlap integral of electron and hole wavefunctions in the initially nearly square potential well in response to an externally applied electric field. Nevertheless, with increasing reverse bias voltages, the overall time constant of nonradiative component does not decrease as much at low levels of the external electric fields. The nonpolar structure"s timeresolved photoluminescence profiles also exhibit faster decays, again opposite to the polar case, as the forward bias voltage is increased (where the lifetimes were measured down to the measurement limit of our optical experimental setup). Again, at such low voltage levels of forward bias, the decreased lifetimes can be explained through compensation of built-in voltage with the external electric field and at some field level, forming an almost perfectly square potential well, which would yield the shortest lifetime. In our time-resolved analyses, we perform de-convolution of impulse response function (IRF) from the signal and apply a biexponential numerical fitting procedure with low error (χ 2 close to unity) for all decay profiles. We then extract carrier lifetimes (τ) by averaging the time constants, τ 1 and τ 2 , with their respective total intensities, i.e., their weights. Thus, the time constants we obtain in this procedure contain information on both slow and fast components of the overall decay profile. The corresponding numerical fits were provided in the decays. From these numerical analyses, we extract the carrier lifetimes as a function of external electric field for both structures as depicted in Fig. 5 . These analysis results also reveal the opposite behavior in nonpolar vs. polar quantum heterostructures in terms of carrier lifetimes under electric field. Here, we present the lifetimes as a function of externally applied electric fields, rather than voltages, in order to make a meaningful comparison between the two sets of data. Hence, for both structures, we assume that the total voltage drop across the devices is in the depletion regions. We further assume that the depletion widths are 50 nm, and that they do not change by such low voltage application. With these approximations, we do not lose any generality for our points discussed in this paper. This opposite behavior could be qualitatively explained by quantum confined Stark effect (QCSE) and Fermi"s golden rule considering the increased vs. decreased squared-overlap integrals of electron and hole wavefunctions (under the assumption that the nonradiative components of the decays would not change with the external electric field within the range of interest) [14, 16] . 
Electric field dependence of optical absorption
We also comparatively investigated the external field dependent optical absorption in our polar and nonpolar InGaN/GaN based devices through photocurrent measurements. Our photocurrent setup consists of a Xenon lamp, monochromator, optical chopper, DC power supply and a lock-in amplifier. We measured the photocurrent both in our polar and nonpolar devices around the wavelength of their absorption edges at different reverse bias levels at room temperature. Here shown in a semilog plot of the photocurrent spectra in Fig. 6 , the polar device exhibits a blue-shifting absorption edge with the applied field due to reversed quantum confined Stark effect. In the opposite manner, for the nonpolar structure, we observe a red-shifting trend of the absorption edge, as a result of quantum confined Stark effect [21] that manifests itself as in other III-V systems such as InP/GaAs as in Fig. 7 . Due to the narrower bandgap of the quantum well material, here for the nonpolar quantum structures the absorption edge is at longer wavelengths, around λ~500 nm. 
Conclusion
In conclusion, we presented the opposite external electric field dependence of carrier lifetimes and optical absorption characteristics in c-plane grown polar vs. a-plane grown nonpolar InGaN/GaN quantum heterostructures. We showed using time-resolved photoluminescence measurements that carrier lifetimes decrease with increasing external electric fields in polar quantum epi-structures, whereas the opposite occurs in nonpolar quantum epi-structures. In addition, we presented the blue shift of the absorption edge in polar quantum heterostructures and the red shift of the absorption edge in nonpolar heterostructures. We explained these opposite behaviors in the context of Fermi"s golden rule as well as quantum confined Stark effect.
